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UVA/B-Induced Apoptosis in Human Melanocytes
Involves Translocation of Cathepsins and Bcl-2
Family Members
Cecilia A. Bivik1,3, Petra K. Larsson1,3, Katarina M. Ka˚gedal2, Inger K. Rosdahl1and Karin M. O¨llinger2
We demonstrate UVA/B to induce apoptosis in human melanocytes through the mitochondrial pathway,
displaying cytochrome c release, caspase-3 activation, and fragmentation of nuclei. The outcome of a death
signal depends on the balance between positive and negative apoptotic regulators, such as members of the
Bcl-2 protein family. Apoptotic melanocytes, containing fragmented nucleus, show translocation of the
proapoptotic proteins Bax and Bid from the cytosol to punctate mitochondrial-like structures. Bcl-2, generally
thought to be attached only to membranes, was in melanocytes localized in the cytosol as well. In the fraction of
surviving melanocytes, that is, cells with morphologically unchanged nucleus, the antiapoptotic proteins Bcl-2
and Bcl-XL were translocated to mitochondria following UVA/B. The lysosomal proteases, cathepsin B and D,
which may act as proapoptotic mediators, were released from lysosomes to the cytosol after UVA/B exposure.
Proapoptotic action of the cytosolic cathepsins was confirmed by microinjection of cathepsin B, which induced
nuclear fragmentation. Bax translocation and apoptosis were markedly reduced in melanocytes after
pretreatment with either cysteine or aspartic cathepsin inhibitors. No initial caspase-8 activity was detected,
excluding involvement of the death receptor pathway. Altogether, our results emphasize translocation of Bcl-2
family proteins to have central regulatory functions of UV-induced apoptosis in melanocytes and suggest
cathepsins to be proapoptotic mediators operating upstream of Bax.
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INTRODUCTION
Melanocytes are the target cells of daily UV irradiation and
the cells from which melanoma originates. The ability to
induce apoptosis is essential in order to avoid clonal
expansion of damaged cells. Further, it is generally accepted
that resistance to apoptosis is an important hallmark for
malignant transformation (Hanahan and Weinberg, 2000). In
several cell systems, UV irradiation has been shown to trigger
a variety of apoptosis signaling pathways, including nuclear
DNA damage with activation of the tumor suppressor gene
p53, activation of death receptors, or the mitochondrial
pathway (Ziegler et al., 1994; Aragane et al., 1998; Kulms
and Schwarz, 2002). However, the UV-mediated proapopto-
tic mechanisms in melanocytes are less well understood. The
outcome of a death signal depends on the balance between
positive and negative apoptotic regulators, such as members
of the Bcl-2 protein family (Oltvai et al., 1993). These
proteins consist of an antiapoptotic subfamily, including for
example Bcl-2 and Bcl-XL, and a pro-apoptotic subfamily,
including for example Bax, Bak, Bid, and Bad (Adams and
Cory, 1998). The Bcl-2 family proteins contain both
membrane-bound and cytosolic proteins, of which especially
the proapoptotic members have been described to translocate
between subcellular localities during apoptosis (Porter,
1999). Bax is localized in the cytosol and is mainly bound
in a complex with inhibitory proteins (Nomura et al., 2003;
Sawada et al., 2003). In response to an apoptotic stimulus,
such as UV irradiation, the interactions between Bax and
inhibitory proteins are broken and Bax undergoes conforma-
tional changes, enabling the protein to target and insert into
mitochondrial membranes (Goping et al., 1998; Gross et al.,
1998; Nomura et al., 2003; Sawada et al., 2003). This causes
mitochondrial release of cytochrome c, which binds to
cytosolic Apaf-1, promoting activation of pro-caspase-9 and
subsequently pro-caspase-3 (Li et al., 1997). Caspase-3 is a
key mediator of apoptosis and accelerates a cascade of
caspases, leading to degradation of the cell. Alternative to the
mitochondrial pathway, apoptosis can be triggered by death
receptors of the tumor necrosis factor-a family that activate
pro-caspase-8, which in turn activates caspase-3 (Thorburn,
2004). In certain cell types, caspase-8 has been described to
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mediate cleavage and activation of cytosolic Bid, which
translocates to the mitochondria, initiating Bax activation and
thereby amplify the apoptosis signal (Luo et al., 1998;
Desagher et al., 1999).
The lysosomal compartment is the major site of intracel-
lular protein degradation and until recently, the function of
lysosomal proteases, cathepsins, was presumed to be limited
to degradation of long-lived proteins. During the past few
years, several cathepsins have, however, been assigned
specific functions during apoptosis. It has been shown that
cysteine cathepsins, such as cathepsin B and L, act as
proapoptotic mediators (Ishisaka et al., 1999; Guicciardi
et al., 2000). Moreover, the aspartic cathepsin D has been
found translocated to the cytosol, operating upstream of
cytochrome c release, during apoptosis in rat cardiac
myocytes and human fibroblasts (Ka˚gedal et al., 2001;
Roberg et al., 2002).
Here, we investigate the importance of Bcl-2 family
proteins and the participation of lysosomal cathepsins in
the UVA/B-induced apoptosis in human melanocytes.
RESULTS
The selected UV doses caused 30–40% apoptotic cell death
in melanocytes 8 hours after UV irradiation as determined by
visual inspection of nuclear morphology in 40,6-diamidino-2-
phenylindole (DAPI)-stained cells (Figure 1). At the UV doses
used, less than 10% of the cells were necrotic, as detected by
loss of plasma membrane integrity, using Trypan blue
staining. Intracellular localization of the proteins Bax, Bid,
Bcl-2, and Bcl-XL was examined 0–8 hours after UV irradia-
tion, using immunocytochemistry. UVA/B caused redistri-
bution of the Bax protein from a diffuse cytosolic staining in
unirradiated melanocytes into a punctate pattern (Figure 2a
and b). The punctate pattern matched the mitochondrial
distribution, detected by MitoTrackers Red (not shown). The
Bid protein exhibited a similar translocation as Bax following
UV irradiation (Figure 3a and b), and the mitochondrial-like
localization of Bax and Bid concurred with the finding of
apoptotic fragmented nuclei (Figures 2c–f and 3c–f). Conse-
quently, in cells with normal nuclear morphology, a diffuse
Bax and Bid pattern was observed. Cells exposed to UVB
showed a similar distribution of both Bax and Bid as the
UVA-irradiated cells (results not shown). The protein
translocation was confirmed by Western blot analyses of
Bax and Bid in digitonin-extracted cytosolic fractions (Figures
2g, h and 3g, h).
The antiapoptotic Bcl-2 and Bcl-XL proteins were trans-
located to mitochondrial-like structures after UVA exposure
in a time-dependent manner (Figures 4a, b and 5a, b). However,
these cells contained a nucleus with normal morphology and
were, thus, considered non-apoptotic (Figures 4c–f and 5c–f).
Contrary, cells with fragmented nucleus showed a diffuse
localization of Bcl-2 and Bcl-XL. UVB exposure caused
similar distribution of these two proteins as presented for the
UVA-irradiated cells (results not shown). To further confirm
that Bcl-2 and Bcl-XL resided in the cytosol in unirradiated
cells and were translocated after UVA/B, Western blot
analyses of cytosolic fractions were performed. As shown in
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Figure 1. Nuclear fragmentation in UVA/B-irradiated melanocytes. Nuclear
fragmentation was assessed by microscopic inspection of DAPI-stained cells
after (a) UVA (60 J/cm2) and (b) UVB (500 mJ/cm2) exposure. Each curve
represents observations from one individual and the dotted lines represent
unirradiated control cells from the corresponding individuals (n¼ 3).
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Figure 2. Localization of Bax in melanocytes following UV exposure.
Quantification of melanocytes showing punctate staining of Bax after (a) UVA
(60 J/cm2) and (b) UVB (500 mJ/cm2) exposure. Each curve represents
observations from one individual and the dotted lines represent unirradiated
control cells from the corresponding individuals (n¼ 3). Representative
images of (c) unirradiated control cell immunostained for Bax and (d) its
DAPI-stained nucleus. (e, f) Corresponding images from a representative cell
6 hours after UVA irradiation. Note redistribution of Bax from a diffuse
cytosolic to a punctate mitochondrial-like pattern and fragmentation of the
nucleus following UVA exposure. Western blot of Bax in digitonin-extracted
cytosolic fractions after (g) UVA and (h) UVB irradiation. Glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) was used as an internal control.
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Figures 4g, h and 5g, h, a marked decrease of the proteins
was found in the cytosol after UVA/B exposure. Altogether,
these experiments show that the antiapoptotic Bcl-2 and Bcl-
XL proteins, as well as the proapoptotic Bax and Bid proteins,
are located in mitochondrial-like structures following UV
irradiation, although translocation of the anti-apoptotic
proteins appears to prevent apoptosis, whereas the relocali-
zation of proapoptotic proteins promotes apoptotic cell
death.
When present in the cytosol, cytochrome c forms a
complex with Apaf-1, facilitating activation of the caspase
cascade. Western blot analyses of the cytosolic fraction of
UVA-, as well as UVB-, exposed melanocytes showed release
of cytochrome c from mitochondria to the cytosol and
caspase-3 activation (Figure 6a–d). The p53 protein is an
important transcription factor and tumor suppressor gene
product, regulating the cellular response following DNA
damage. In melanocytes exposed to UVB irradiation, the p53
protein was increased, whereas UVA irradiation induced a
slight decrease of the p53 protein level (Figure 6e). An initial
involvement of the death receptor pathway during UVA/B
was excluded, as no cleavage of pro-caspase-8 occurred
(Figure 6f) and no increase of caspase-8 activity was detected
0–8 hours after UVA/B exposure (results not shown).
Release of the lysosomal proteases cathepsin B and D from
the lysosome to the cytosol was found by Western blot
analyses of the cytosolic fractions of UVA/B-exposed
melanocyte cultures (Figure 7a and b). To evaluate the
importance of the cathepsins, protease inhibitors were added
to the cultures. Following inhibition of cysteine cathepsins
and aspartic cathepsin D with E64d and pepstatin A,
respectively, a marked decrease in nuclear fragmentation
was found in cells from each individual tested (Figure 7c and
d). Furthermore, UV-induced translocation of the Bax protein
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Figure 3. Localization of Bid in melanocytes following UV exposure.
Quantification of melanocytes showing punctate staining of Bid after (a) UVA
(60 J/cm2) and (b) UVB (500 mJ/cm2) exposure. Each curve represents
observations from one individual and the dotted lines represent unirradiated
control cells from the corresponding individuals (n¼ 3). Representative
images of (c) unirradiated control cell immunostained for Bid and (d) its DAPI-
stained nucleus. (e, f) Corresponding images from a representative cell 6 hours
after UVA irradiation. Note redistribution of Bid from a diffuse cytosolic to a
punctate mitochondrial-like pattern and fragmentation of the nucleus
following UVA exposure. Western blot of Bid in digitonin-extracted cytosolic
fractions after (g) UVA and (h) UVB. GAPDH was used as an internal control.
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Figure 4. Localization of Bcl-2 in melanocytes following UV exposure.
Intracellular Bcl-2 location was determined by immunocytochemistry
following (a) UVA (60 J/cm2) and (b) UVB (500 mJ/cm2). Each curve represents
observations from one individual and the dotted lines represent unirradiated
control cells from the corresponding individuals (n¼ 3). Representative
images of (c) unirradiated control cell immunostained for Bcl-2 and (d) its
DAPI-stained nucleus. (e, f) Corresponding images from a representative cell
6 hours after UVA irradiation. Note redistribution of Bcl-2 from a diffuse
cytosolic to a punctate mitochondrial-like pattern and normal morphology of
the nucleus following UVA exposure. Western blot of Bcl-2 in digitonin-
extracted cytosolic fractions after (g) UVA and (h) UVB. One representative
blot out of three is shown. GAPDH was used as an internal control.
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from the cytosol to the mitochondria was markedly reduced
in cells from these subjects (Figure 7e and f). This suggests the
lysosomal cathepsins to exert their effect upstream of Bax
activation. To further confirm that cytosolic location of
cathepsins is of importance for the proapoptotic action,
cathepsin B was microinjected into the cytosol of melano-
cytes (Figure 8). After 6 hours, 43715% of the melanocytes
injected with cathepsin B displayed fragmented nucleus as
compared to 2275% in control cells injected with buffer
only (n¼3). Thus, cathepsins seem to be proapoptotic
mediators in UV-induced cell death in melanocytes.
DISCUSSION
We provide evidence that UVA/B-induced apoptosis in
melanocytes is regulated at the level of the mitochondria.
The apoptotic activity of mitochondria is known, from other
cell models, to be regulated by the Bcl-2 family proteins, and
also by lysosomal cathepsins released to the cytosol
(Ju¨rgensmeier et al., 1998; Johansson et al., 2003). In this
study, we have carefully investigated melanocytes from three
individuals in each experiment and in parallel analyzed
control samples from the same individual in each study point.
We demonstrate that UV irradiation induces lysosomal
membrane permeabilization with release of cathepsin B
and D to the cytosol, translocation of the proapoptotic Bcl-2
proteins Bax and Bid to mitochondrial-like structures with
ensuing cytochrome c release, and activation of caspase-3,
but no caspase-8 involvement. In melanocytes surviving the
UV irradiation, the anti-apoptotic proteins Bcl-2 and Bcl-XL
were distributed to a mitochondrial-like location. Our
investigation did not identify any marked differences in the
apoptosis-mediating pathways between UVA and UVB,
concerning Bcl-2 family protein participation. In Figure 9,
we present a model scheme of our results for UVA- and UVB-
induced apoptosis in melanocytes.
The primary mechanism of UVB-induced cell injury
thought to be mediated by DNA damage, resulting in p53
activation (Ziegler et al., 1994). As a transcription factor, p53
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Figure 5. Localization of Bcl-XL in melanocytes following UV exposure.
Intracellular Bcl-XL location was determined by immunocytochemistry
following (a) UVA (60 J/cm2) and (b) UVB (500 mJ/cm2) exposure. Each curve
represents observations from one individual and the dotted lines represent
unirradiated control cells from the corresponding individuals (n¼ 3).
Representative images of (c) unirradiated control cell immunostained for
Bcl-XL and (d) its DAPI-stained nucleus. (e, f) Corresponding images from a
representative cell 6 hours after UVA irradiation. Note redistribution of Bcl-XL
from a diffuse cytosolic to a punctate mitochondrial-like pattern and normal
morphology of the nucleus following UVA exposure. Western blot of Bcl-XL
in digitonin-extracted cytosolic fractions after (g) UVA and (h) UVB. GAPDH
was used as an internal control.
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Figure 6. Cytochrome c, caspase-3 and p53 as indicators of UVA/B-induced
apoptosis in melanocytes. Western blot of cytochrome c in digitonin-
extracted cytosolic fractions after (a) UVA (60 J/cm2) and (b) UVB (500 mJ/
cm2). One representative blot out of three is shown and GAPDH was used as
an internal control. Caspase-3 activation was analyzed by cleavage of the
substrate Ac-DEVD-AMC following (c) UVA and (d) UVB. Melanocytes from
three donors were analyzed and each curve represents data from one donor.
Corresponding unirradiated cells are presented as dotted lines. (e) Western
blot of total p53 protein level 8 hours following UVA and UVB. One
representative blot out of three is presented and b-actin was used as an
internal control. (f) Western blot of caspase-8 protein level following UVA
and UVB. b-Actin was used as an internal control. þ represents a positive
control of pro-caspase-8 cleavage from a tumor necrosis factor-a-treated
(10 ng/ml) monocyte cell line (U937).
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has been shown to induce increased expression of proapop-
totic proteins, such as Bax and cathepsin D (Wu et al., 1998).
Our finding of a pronounced increase in the amount of p53
protein in melanocytes after UVB might be a sign of the direct
DNA-damaging nature of UVB. However, a previous study
did not show any detectable increase in either mRNA or
protein level of Bax in total cell fractions during apoptosis,
suggesting redistribution rather than upregulation of Bax
(Bivik et al., 2005). Furthermore, we found no alterations of
the p53 level in UVA-irradiated cells after 8 hours, but it
cannot be excluded that UVA induces p53 at a later time
point, due to secondary DNA damage caused by free radical
reactions.
Central for the regulation of apoptosis is translocation of
different intracellular proteins between the cytosol and
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Figure 7. Analysis of cathepsin B and D after UVA/B irradiation in
melanocytes. The release of cathepsin B and D from the lysosome was
determined by Western blot of digitonin-extracted cytosolic fractions after
(a) UVA (60 J/cm2) and (b) UVB (500 mJ/cm2) exposure. One representative
blot out of three is shown and GAPDH was used as an internal control.
Nuclear morphology was analyzed in DAPI-stained cultures after (c) UVA and
(d) UVB exposure (n¼3). Punctate staining of Bax, indicating translocation of
the protein from cytosol to mitochondrial-like structures, was assessed by
immunocytochemistry in melanocytes 6 hours after (e) UVA and (f) UVB
exposure. When indicated, the cells were pretreated, 16 hours before irradiation,
with pepstatin A (100mM) or E64d (10mM), inhibitors of cathepsin D and cysteine
cathepsins, respectively. Cultures from three individuals were analyzed.
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Figure 8. Light and fluorescence microscopy of melanocytes microinjected with cathepsin B. Cells were microinjected with a mix of 0.25 mg/ml cathepsin B
and Alexa Fluor 488 in PBS at pH 5.7 into the cytosol (n¼ 3). Control cells were microinjected with Alexa Fluor 488 in PBS. After 6 hours, the microinjected
cells were visualized by Alexa Flour 488 and apoptotic melanocytes were identified by fragmented nucleus using DAPI staining. (a–c) One cell microinjected
with Alexa Fluor 488. (d–f) One cell microinjected with Alexa Fluor 488 and 0.25 mg/ml cathepsin B. Representative images are shown.
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Figure 9. Proposed model of pro- and antiapoptotic events in human
melanocytes exposed to UVA/B. UVA/B induces translocation of lysosomal
cathepsins, which activate the mitochondrial pathway through Bax activation.
In addition, UV irradiation might directly affect the mitochondria through a
not yet identified mechanism. Translocation of the proapoptotic proteins Bax
and Bid to the mitochondria results in cytochrome c release followed by
caspase activation and ultimately apoptosis, whereas translocation of the
antiapoptotic proteins Bcl-2 and Bcl-XL favors survival.-, Events specifically
addressed in this study.
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intracellular organelles or vice versa. Translocation of
cathepsin B, D, and L from lysosomes to the cytosol has
been shown to be involved in apoptosis induction in other
cell types (Guicciardi et al., 2000; Ka˚gedal et al., 2001). In
tumor necrosis factor-a-exposed hepatocytes, caspase-8
induces release of cathepsin B, which causes subsequent
release of cytochrome c from mitochondria (Guicciardi et al.,
2000). Cathepsin D has also been proven to be proapoptotic
in various cell lines (Deiss et al., 1996). The importance of a
release of this protease from the lysosomes for initiating
apoptosis was first established by Roberg and O¨llinger
(1998). In the present study, we show UV irradiation to
induce release of cathepsin B and D to the cytosol and pre-
treatment with cathepsin inhibitors to prevent cell death.
E64d inhibits all cysteine cathepsins and the apoptosis
preventive effect of this inhibitor demonstrates involvement
of any of the 11 known human cysteine cathepsins (Turk
et al., 2002). Cathepsin B is, however, one of the most
abundant cysteine cathepsins and was therefore chosen for
microinjection. The microinjection procedure mimicked
translocation of proteins to the cytosol, and microinjection
of cathepsin B was able to induce apoptosis.
Previous studies of staurosporine-induced apoptosis in
fibroblasts demonstrate that the number of cells showing
punctate staining of Bax correlates well with cells displaying
apoptotic fragmented nucleus (Desagher et al., 1999;
Ka˚gedal et al., 2005). We have now shown, in UV-exposed
melanocytes, that localization of the proapoptotic protein
Bax to mitochondrial-like structures concurred with appear-
ance of fragmented nucleus and a similar pattern was
detected for Bid. As the frequency of Bax translocation and
the number of apoptotic cells were markedly reduced
after inhibiting cysteine cathepsins and cathepsin D with
E64d and pepstatin A, respectively, we conclude that
cathepsins interact with the mitochondrial apoptotic pathway
and operate upstream of Bax translocation. Recent reports
show that lysosomal membrane permeabilization with
release of cathepsins to the cytosol is important for activa-
tion of Bax and subsequent mitochondrial membrane
permeabilization (Boya et al., 2003a, b). In T-lymphocytes,
pepstatin A prevented conformational changes of Bax
in staurosporine-induced apoptosis and the cathepsin D
inhibitor kept Bax in the cytosol (Bidere et al., 2003).
However, no effect on apoptosis frequency was detected
when using the cysteine cathepsin inhibitor. In contrast, we
demonstrate that both cysteine cathepsins and cathepsin D
have the ability to promote Bax translocation and apoptosis
in melanocytes.
Caspase-8 is an initiator caspase that is strongly associated
with the death receptor pathway and it is established that
caspase-8 cleaves and activates Bid (Thorburn, 2004). UV
irradiation has been shown to induce apoptosis through death
receptors in keratinocytes (Aragane et al., 1998). However, in
melanocytes, we excluded an initial involvement of the death
receptor pathway, as we found no proteolytical processing of
pro-caspase-8 and no caspase-8 activity. On the other hand,
we detected translocation of Bid to mitochondrial-like
structures. As cathepsin B and D are able to cleave Bid in
test tube systems, they might, when released into the cytosol,
act as alternative activators of Bid (Cirman et al., 2004;
Heinrich et al., 2004). We hypothesize that in melanocytes,
Bid truncation might be achieved by proteolytically active
cathepsins.
Melanocytes demonstrate high expression of Bcl-2 as
compared to keratinocytes and have therefore been con-
sidered more resistant to apoptosis (Gilchrest et al., 1999;
Bivik et al., 2005). In this experimental system, approximately
60% of the melanocytes survived the UV irradiation. The
anti-apoptotic proteins Bcl-2 and Bcl-XL were found trans-
located from the cytosol to the mitochondria in cells having
normal shaped nucleus, and these cells were identified as
surviving cells. Translocation of Bcl-XL during apoptosis has
been reported in murine thymocytes after g-irradiation,
although no correlation between Bcl-XL localization and cell
survival was performed in this study (Hsu et al., 1997). Bcl-2,
on the other hand, is generally thought to be stationary and
strictly attached to membranes, such as the mitochondria and
endoplasmic reticulum. Unexpectedly, we found the Bcl-2
protein to be cytosolic in unirradiated melanocytes, and to be
translocated to mitochondrial-like structures after UVA/B. In
a previous study, we demonstrated the total Bcl-2 protein
level to remain unchanged in melanocytes following UVB
irradiation (Bivik et al., 2005). We therefore conclude that
Bcl-2 exerts its antiapoptotic effects after UV irradiation by
translocation to the mitochondria rather than elevating
protein expression.
In conclusion, both UVA and UVB irradiation activate the
mitochondrial pathway of apoptosis in human melanocytes
in vitro. Our study emphasizes the importance of protein
translocation to modulate the apoptotic signal. Cathepsins are
released to the cytosol and act as proapoptotic mediators
upstream of translocation of Bax to mitochondrial-like
structures. Furthermore, melanocytes surviving UV irradi-
ation show mitochondrial localization of antiapoptotic Bcl-2
family proteins, which might be critical in the prevention of
apoptotic cell death.
MATERIALS AND METHODS
Cell cultures and conditions
All experiments were performed according to the ethical principles
of the Helsinki declaration and approved by the Ethical Committee
at Linko¨ping University, Linko¨ping, Sweden. Melanocytes were
obtained from Caucasian donors (0–3 years of age) by means of
foreskin circumcisions and pure cultures were established as
described previously (Andersson et al., 2001). The melanocytes
were cultured in Medium 199 with 2% fetal bovine serum and
supplemented with 50 U/ml penicillin, 50 mg/ml streptomycin, 50mg/
ml fungizone, 10 ng/ml basic fibroblast growth factor, 10 mg/ml
inositol (all from Invitrogen, Paisley, Scotland, UK), 10 mg/ml insulin,
0.1 nM cholera toxin, 0.4mg/ml hydrocortisone, 1 nM triiodothyro-
nine, 10 mg/ml transferrin (all from Sigma Aldrich, St Louis, MO), and
10 ng/ml epidermal growth factor (Roche Diagnostics, Mannheim,
Germany) (Gilchrest et al., 1984). The cultures were incubated at
371C in a humidified atmosphere of 5% CO2 in air and the culture
medium was changed three times a week. Before experiments, cells
were trypsinated and seeded at 2.5 104 cells/cm2. The experiments
1124 Journal of Investigative Dermatology (2006), Volume 126
CA Bivik et al.
UVA/B-Induced Apoptosis in Melanocytes
were conducted between passages 2 and 7 and no cells were
cultured for more than 3 weeks in total.
A previous electron microscopy study has described the purity of
this culture system to be high (Rosdahl et al., 1997). During the 21
days of cultivation, 99% of the cells were found to be melanocytes.
In the present study, daily examinations of the cultures by light
microscopy did not reveal any detectable contamination of other
cell types. High purity limits the number of cells possible to obtain
from one skin sample and, in total, samples from 15 individuals were
used in this study. Unirradiated controls from the same skin sample
were analyzed in each study point.
In some experiments, pepstatin A (100 mM, stock in DMSO; Sigma
Aldrich) and E64d (10 mM, stock in DMSO; Sigma Aldrich) were used
to block cathepsin D and cysteine cathepsin (i.e. cathepsin B)
activity, respectively. Controls for DMSO effects were also analyzed
and no interference with the experiments was noted.
A Trypan blue exclusion test was performed in order to determine
the fractions of necrotic cells after the given UVA/B exposure doses.
The cells were stained with 0.2% Trypan blue solution in phosphate-
buffered saline (PBS) for 1 minute and examined in a light
microscope.
UV irradiation
The UVB source consisted of two Philips TL20W/12 tubes (Philips,
Eindhoven, The Netherlands) emitting in the spectral range
280–370 nm with a main output of 305–320 nm. For UVA, a
Medisun 2000-L tube (Dr Gro¨bel UV-Elektronik GmbH, Ettlingen,
Germany; 340–400 nm) was used. A Schott WG 305 cutoff filter
(50% absorption below 305 nm, Mainz, Germany) was used and the
output of UVA was 80 and 1.44 mW/cm2 for UVB. The measure-
ments were made with an RM-12 (Dr Gro¨bel UV-Elektronik GmbH)
and a PUVA Combi Light dosimeter (Leuven, Belgium), respectively.
UV exposure was performed in culture dishes containing
prewarmed PBS (without sodium bicarbonate). No increase in
temperature was noted during irradiation. The irradiation doses were
titrated to achieve 30–40% apoptosis with a minimum of necrotic
cell contamination. This resulted in an experimental model using
60 J/cm2 UVA and 500 mJ/cm2 UVB, which are doses well above
physiological levels. Unirradiated cultures were analyzed at each
time point.
Nuclear morphology and caspase activation
After UV irradiation, fresh culture medium was added. At specified
times, the cultures were fixed in 4% neutral buffered formaldehyde
and mounted in Vectashields Mounting Media supplemented with
DAPI (1.5 mg/ml; Vector Laboratories, Burlingame, CA). The nuclei
were evaluated in 200 randomly selected cells, using a fluorescence
microscope ( 600, lex 350 nm; Nikon, Tokyo, Japan). In the
unirradiated cells, most nuclei glowed homogenously, whereas
apoptotic cells were identified by a condensed chromatin pattern
gathered at the periphery of the nuclear membrane or by fragmented
nucleus.
In order to analyze caspase activity, cells were UV irradiated and
collected in lysis buffer (10 mM Tris-HCl pH 7.5, 130 mM NaCl, 1%
Triton X-100, 10 mM sodium pyrophosphate, and 10 mM sodium
phosphate buffer). After incubation with the substrate Ac-DEVD-
AMC or Ac-IETD-AFC (Pharmingen, San Diego, CA) to analyze
caspase-3 or caspase-8 activity, respectively, the concentration of
proteolytically released AMC (7-amino-4-methylcoumarin) was
analyzed in a Shimadzu RF-540 spectrofluorometer (lex 380/lem 435;
Shimadzu Kyoto, Japan) and AFC (7-amino-4-trifluoro-methylcou-
marin) was measured in a VICTOR 1420 multiple counter (lex 400/
lem 505; Wallac Turku, Finland). Caspase activity was expressed as
arbitrary units/mg protein/hour and protein concentrations were
analyzed by the Bio-Rad DC Protein Assay System (Bio-Rad
Laboratories, Hercules, CA).
Immunocytochemistry
Melanocytes were irradiated, fixed in 4% paraformaldehyde for
20 minutes at 41C, and processed for immunocytochemistry (Brunk
et al., 1997). The cells were permeabilized with 0.1% saponin and
incubated overnight at 41C with one of the following monoclonal
anti-mouse primary antibodies, Bcl-2 (DAKO, Glostrup, Denmark)
and cytochrome c (Pharmingen, San Diego, CA), or polyclonal anti-
rabbit primary antibodies, Bax (Upstate Biotechnology, Lake Placid,
NY), Bid (Cell Signaling, Beverly, MA), and Bcl-XL (Santa Cruz
Biotechnology, Santa Cruz, CA), followed by incubation with a
secondary goat anti-rabbit Alexa Fluor 488 conjugate (Molecular
Probes, Eugene, OR) or a goat anti-mouse fluorescein isothiocyanate
conjugate (Calbiochem, San Diego, CA) antibody for 1 hour at room
temperature. Finally, the samples were mounted in Vectashields
Hardset Mounting Media supplemented with DAPI (Vector Labo-
ratories). In each culture dish, 200 cells were randomly selected and
analyzed by fluorescence microscopy. Negative controls, incubated
without the primary antibodies, showed no staining.
Cytosolic extraction
Cytosol was extracted by incubation of melanocytes with a digitonin
(Sigma Aldrich) extraction buffer (250 mM sucrose, 20 mM Hepes,
10 mM KCl, 1.5 mM MgCl2, 1 mM EGTA, 1 mM EDTA, 1 mM Pefabloc,
8 mM dithiothreitol, pH 7.5) on ice for 12 minutes. The digitonin
concentration, which was individually titrated to 15–20 mg/ml for
each different melanocyte donor, was found to permeabilize the
plasma membrane, but not membranes of intracellular organelles.
This was determined by analysis of lactate dehydrogenase activity
(Vanderlinde, 1985) and b-N-acetylglucoseaminidase as previously
described (Leaback and Walker, 1961). The cytosols were centri-
fuged and the proteins of the supernatants were precipitated by
trichloric acid (50%), incubated on ice for 10 minutes, and
subsequently pelleted by centrifugation. To perform the Western
blot analysis, the pellet was resuspended in a urea lysis buffer (6 M
urea, 150 mM NaCl, 1% Triton X-100, 0.1% SDS, 50 mM Tris, pH 8.0,
5 mM EDTA), a sample buffer (5% b-mercaptoethanol in Laemmli
sample buffer; Bio-Rad Laboratories) (1:1), and 1 M NaOH.
Western blot analysis
The protein samples were loaded onto a Ready gel (Bio-Rad
Laboratories) and transferred to a HybondTM-P blotting membrane
(Amersham Biosciences, Buckinghamshire, UK). Subsequently, the
blots were saturated with 5% non-fat dry milk (Bio-Rad Laboratories)
in PBS supplemented with 0.05% Tween 20 at 41C overnight. The
immunodetection was performed by incubating for 2 hours at room
temperature with the polyclonal primary antibody cathepsin B
(Athens Research and Technology Inc., Athens, GA), Bax (Upstate
Biotechnology), Bid (Pharmingen), and Bcl-XL (Santa Cruz Biotech-
nology), or with one of the following monoclonal primary
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antibodies: cytochrome c (Pharmingen), cathepsin D (Oncogene,
San Diego, CA), Bcl-2 (DAKO), caspase-8 (Cell Signaling), and p53
(Santa Cruz Biotechnology). Then, horseradish peroxidase (mouse-,
rabbit- (DAKO), or goat- (Santa Cruz)) conjugated corresponding
secondary antibodies were added for 1 hour. The membranes were
developed with the enhanced ECL-Plus Western blotting detection
system and detected on Hyperfilm ECLTM (both from Amersham
Biosciences). The membranes were reprobed with GAPDH (Biogen-
esis, Poole, UK) for digitonin-extracted cytosolic fractions or b-actin
antibodies (Santa Cruz Biotechnology) for total cell fractions as
internal controls.
Microinjection
Microinjection of cathepsin B was performed as described before
(Roberg et al., 2002) on a stage of a Zeiss Axiovert inverted
microscope (Zeiss, Gena, Germany), using a pressure injector from
Eppendorf (model 5246; Eppendorf, Hamburg, Germany) and an
Injectman micromanipulator (Eppendorf). All injectates contained
1 mg/ml dextran-conjugated Alexa Fluor 488 (molecular weight
10,000; Molecular Probes) in PBS (pH 5.7). Freshly prepared Alexa
Fluor 488 containing 0.25 mg/ml of cathepsin B (C 8571; Sigma
Aldrich, diluted in PBS, pH 5.5) was injected into the cytosol of the
cells (pressure 100 hPa, 1.5 seconds). In each experiment, approxi-
mately 100 cells were injected. All fluorescent cells, that is,
microinjected cells, were analyzed and percentage of apoptotic
cells was calculated based on nuclear morphology following DAPI
staining (1.5 mg/ml).
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